Alteromonas haloplanktis ejected protons in response to a brief respiratory pulse; the rate of decay of the resulting pH change was accelerated when Na+ was present in the suspension medium. The addition of an anaerobic NaCl solution to an essentially Na+-free anaerobic bacterial suspension induced the acidification of the suspension medium. These results and others discussed provide substantial evidence for the existence of an Na+-H+ antiporter in this organism. 134, No. 3 n U.S.A.
Sodium-dependent transport in bacteria has been recognized for many years (1, 3, 4, 6, 7, 10, 17, 22, 29) and recently, considerable attention has been focused on these transport systems, especially since the demonstration ofNa+-driven amino acid transport in membrane vesicles from Halobacterium halobium (12, 13, 15 ). The work on H. halobium has now been extended (14) and Na+-driven transport has been demonstrated in membrane vesicles from Escherichia coli (8, 16) and Salmonella typhimurium (25) and in whole cells of E. coli (26, 27) .
Evidence for Na+-H+ antiporters in E. coli (28) , H. halobium (5, 11) , and S. typhimurium (25) has allowed these recent results to be interpreted in terms of the chemiosmotic hypothesis (18, 19) . According to this concept, the transmembrane proton gradient effected by respiratory, ATPase, or bacteriorhodopsin activity is used to extrude Na+ from the bacterial cells by means of an Na+-H+ antiporter resulting in the creation of an inwardly directed transmembrane Na+ gradient. The chemical and electrical components of this gradient, either separately or in combination, can then be used to drive the intracellular accumulation of nutrients.
Since Na+-dependent transport is a well-established feature of Alteromonas haloplanktis (20, 21, 24) , it would seem reasonable to suggest that a similar system exists in this organism. By using experimental techniques based on those developed by West and Mitchell for E. coli (28) , we have been able to obtain evidence for an Na+-H+ antiporter in the marine bacterium A.
haloplanktis.
MATERIALS AND METHODS
Organism and growth conditions. A. haloplanktis strain 214, variant 3 , previously known as marine pseudomonas B-16, variant 3 (ATCC 19855) , was grown in a complex medium that contained 0.8% (wt/vol) nutrient broth (Difco), 0.5% (wt/vol) yeast extract (Difco), 300 mM NaCl, 26 mM MgSO4, 10 mM KCl, and KOH to pH 7.2. A 0.3-ml portion of a stationary-phase culture was used to inoculate 300 ml of medium in a 2-liter conical flask; incubation was for 16 h at 250C on a gyratory shaker (200 rpm).
Preparation of bacterial suspensions. Each 50ml volume of culture used was harvested by centrifugation (40,000 x g, 10 min, 40C), washed twice with 50-ml volumes and once with a 25-ml volume of 300 mM choline chloride-50 mM MgSO4-1 mM tris-(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 7.2; 40C), and suspended with 6.5 ml of fresh buffer (40C). Such suspensions (approximately 13.5 mg [dry bacterial weight] per ml), which were stored on ice for up to 8 h with no detectable change in the activities being monitored, contained approximately 10 jig-ions of K+ per ml and <0.05 ,ug-ions of Na+ per ml, of which 0.005 ,ug-ions of K+ per ml and 0.01 ,ugions of Na+ per ml were present as impurities in the buffer system. Flame photometry was performed using a Unicam SP9OA series 2 atomic absorption spectrophotometer (Pye Unicam Ltd., Cambridge, England).
Experimental incubations. Details of suspension media and concentrations of additives accompany the relevant figures. Bacterial suspensions were contained in an oxygen electrode vessel (Rank Bros., Bottisham, Cambridge, England) and were stirred continuously by means of a Teflon-coated magnetic stirring bar. The reaction volume was 5 ml and the incubation temperature was 250C. Air was excluded from the system by means of a rubber stopper that accommodated a stainless-steel hypodermic needle (18 gauge), through which air could be removed and additions could be made, and a combination pH electrode (model GK2321C, Radiometer, Copenhagen, Denmark). The pH electrode was connected to a Fisher Accumet model 310 pH meter (Fisher Scientific, Pittsburgh, Pa.) which was connected in series with a 1 kQ2 variable potentiometer to a chart recorder (model 8373-20, Cole-Parmer Instrument Co., Chicago, Ill.) so that full-scale deflection could be adjusted to read 0.2 or 0.4 pH unit. Dissolved oxygen tension was recorded simultaneously.
During a 60-min equilibration period, the pH of the suspension was adjusted, if necessary, by adding small portions of anaerobic standard 50 mM HCl or 50 mM 737 choline hydroxide (both in 250 mM choline chloride) such that the suspension pH after the 60-min incubation was between pH 6.8 and 7.0. In all experiments and at all pH values recorded, the buffering capacities of the suspensions were such that the addition of 40 rmol of HCI gave a pH change of approximately 0.01 pH unit.
Anaerobic salt solutions were added from 1-ml gastight syringes (model 1001, Hamilton Co., Reno, Nev.) held in Hamilton repeating dispensers (model PB 600). Air-saturated salt solutions were dispensed similarly but from a 2.5-ml gas-tight syringe (model 1002, Hamilton Co.). These solutions and the anaerobic standard acid and alkali solutions (used for both pH adjusting and pH titration) were kept at 25°C and rendered anaerobic where necessary by bubbling with watersaturated, oxygen-free nitrogen. Methanol and methanolic solutions of carbonyl cyanide m-chlorophenylhydrazone (CCCP) and carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) were rendered anaerobic by bubbling with methanol-saturated, oxygenfree nitrogen.
The cell density of bacterial suspensions was determined turbidimetrically at 660 nm (Gilford micro-sample spetophotometer, model 300-N, Gilford Instrument Laboratories Inc., Oberlin, Ohio) after suitable dilution with 300 mM choline chloride-50 mM MgSO4-1 mM Tris-hydrochloride (pH 7.2). An E61) of 0.5 was equivalent to a cell density of 0.193 mg of dry bacterial weight per ml.
Chemicals. Carbonic anhydrase (C 7500) and CCCP were obtained from Sigma; FCCP was obtained from Pierce Chemicals, Rockford, Ill.; and oxygen-free nitrogen was obtained from Canadian Liquid Air Ltd., Montreal, Quebec. Whenever possible, all other reagents were of analytical grade; glass-distilled water was used throughout. RESULTS When a small portion of air-saturated salts solution was added to an anaerobic suspension of A. halopanktis in a KSCN-containing medium, respiratory activity induced a rapid acidification of the suspension medium. This acidification was transient and the pH difference decayed exponentially. Table 1 gives the halftimes of decay (t1/2) of the pH differences induced when the organisms were suspended in the presence and absence of various amounts of Na+. As the Na+ concentration was increased, up to 50 pg-ions per ml, the rate of decay also increased. However, on increasing the Na+ concentration to 100 ,g-ions per ml, the rate of decay was decreased to a level less than that obtained in the presence of 10 pg-ions of Na+ per ml.
On the addition of FCCP (5 p1 of a 2 mM anaerobic solution) after the decay of the respiration-induced pH change, the suspension pH moved rapidly towards alkaline by between 0.034 and 0.062 of a pH unit, depending on the Na+ concentration. Whereas the extent of the alkalinization increased as the Na+ concentration increased up to 50 ug-ions per ml, the results obtained with suspensions containing 50 and 100 pug-ions of Na+ per ml were almost identical. When these FCCP-treated suspensions were pulsed with air-saturated salts solutions, the pH moved slightly towards alkaline. This effect was more pronounced in the presence of Na+, but little difference could be detected between the pH shifts observed at the different Na+ concentrations tested. When these shifts to alkaline were taken into consideration in the calculation of the decay rates of the respiration-induced pH changes, the corrected t4/2 values listed in Table   1 were obtained. The corrected and uncorrected -.H+/O ratios were 2.52 and 2.05, respectively. The remaining results described (except those from control experiments, which were performed in the absence of bacteria) were obtained from experiments in which anaerobic solutions were added to anaerobic bacterial suspensions. Figure la-c shows the pH changes induced when NaCl was added to bacteria suspended in the presence or absence of KCI or KSCN. In all cases, a rapid acidification of the suspension medium was obtained, but the extent of the acidification and the rate of decay of the pH change were dependent on the presence or absence of the KCI or KSCN. On the further addition of CCCP, a rapid alkalinization was noted, resulting in the partial decay of the NaCl-induced pH change. The rate of this decay was slightly faster in the presence of KCI ( Fig. lb ) than in its absence ( Fig. la) and much faster in the presence of KSCN (Fig. lc) . The spikes toward alkaline pH values coinciding with the CCCP additions were due to the insertion and removal of the microsyringe; the addition of anaerobic methanol rather than the methanolic CCCP solution had no effect on the pH of the suspension. In addition, the salt and Na+-H+ ANTIPORT IN A MARINE BACTERIUM 739 _ 4-maCI were repeated by using LiCl rather than NaCl. The rate of the LiCl-induced proton extrusion was much slower than that induced by NaCl; the extent of the pH change was also less, especially when KSCN was present, and it was noted that the pH difference remaining after the ad- After anaerobic equilibration, 20-gd portions of anaerobic 2.5 M NaCI-50 mM MgSO4 were added as indicated (NaCI). Anaerobic CCCP (5 gl of a 10 mM solution) was also added as indicated. Lines (d) through (f) were obtained by repeating the experiments by using the buffer systems described above for (a), (b), and (c), respectively, except that the Tris concentration was 12 mM, the pH was pH 6.9, and the bacteria were absent.
CCCP solutions had little effect on the buffers used or the pH electrode ( Fig. ld-f ). (The Tris concentration was increased to 12 mM so that the buffering capacity was the same as that in the presence of the bacteria.) Furthermore, choline chloride had no adverse effect on the bacteria; when 500 mM sucrose replaced the 300 mM choline chloride, results identical to those in Fig. la were obtained.
When the experiments giving the results depicted in Fig. la and d were repeated with choline chloride or KCI instead of NaCl, very little pH change was induced (Fig. 2) . Then, on adding CCCP to the bacterial suspensions, a small pH shift towards alkaline was obtained (results not presented) but this pH change was no different from that obtained when CCCP was added before the addition of salts (see Fig. 4 ). Furthermore, adding NaCl (to 2.5 mM) or KCl (to 10 mM) had no effect on the pH change induced by adding the other (results not presented). Figure 3 shows the results obtained when the experiments described in the legend to dition of CCCP was also reduced (Fig. 3c ) with respect to that obtained when NaCI was used (Fig. lc) . Figures 4 and 5 again show comparable results, but in these experiments the CCCP was added before the NaCl or LiCl rather than vice versa ( Fig. 1 and 3) . When the effect of CCCP on the buffer system or on the pH electrode is taken into consideration, the CCCP induced a small alkaline pH shift. The addition of NaCl (Fig. 4) or LiCl (Fig. 5 ) induced the acidification of the suspension medium, and the extent of this acidification was again dependent on the presence or absence of KCI or KSCN (cf. Fig. 1 and  3 ). In the presence of KSCN, the pH changes in these experiments (Fig. 4c and 5c ) were very similar to those attained when the CCCP was added after the addition of the salts (Fig. lc and  3c ). When KCI was added, instead of NaCl or LiCl, to a CCCP-treated suspension that contained no added K+ salts, the results obtained (not presented) were very similar to those recorded in an analagous experiment with a non-CCCP-treated suspension (Fig. 2c ). Figure 6 shows the results obtained when NaCI or LiCl additions were followed by another addition of either NaCl or LiCl; the suspensions contained no added K+ salts, and the second additions were made only after the pH differences induced by the first additions had attained a maximum. The pH changes induced by the first additions were very similar to those seen in Fig. la NaCl (Fig. 6b) or LiCl (Fig. 6c ), the results obtained were very similar. However, whereas the addition of NaCl after NaCl (Fig. 6a ) gave a pH change kinetically similar to that induced by the first NaCl addition, the addition of NaCl after LiCl (Fig. 6d ) gave a pH change kinetically similar to the LiCl-induced pH change rather than that induced by NaCl.
DISCUSSION
A. haloplanktis ejects protons in response to a brief respiratory pulse. Irrespective of the set of t1/2 values considered to be the more appropriate (corrected or uncorrected), the rate of decay of the respiratory-induced pH change is enhanced when 10 or 50 ,ug-ions of Na+ per ml are present (Table 1 ). These results suggest that the transmembrane proton gradient may be used to drive Na+ from the cells by means of an Na+-H+ antiporter. That 100 ,g-ions of Na+ per ml causes a reduction in the decay rate with respect to that obtained with 10 or 50 ug-ions of Na+ per ml indicates that this Na+-H+ antiporter may be similar in character to that found in E. coli (28) ; at high Na+ concentrations, the antiporter may catalyze Na+-Na+ exchange as well as Na+-H+ exchange.
Further evidence for the existence of an Na+-H+ antiporter may be obtained by adding an anaerobic NaCl solution to an Na+-free anaerobic bacterial suspension. The imposition of such a transmembrane Na+ gradient should drive the Na+-H+ antiporter "in reverse" such that protons are extruded from the organism. Figure la shows such a NaCl-induced proton movement in A. haloplanktis. Figure 2a and c shows that neither choline chloride nor KCI could substitute for the NaCl, demonstrating that the effect observed was due to Na+ rather than C1or MgSO4. When the experiments were repeated in the presence of KCI (Fig. lb) or KSCN (Fig. lc) , the extents of proton extrusion were considerably less. It is noted that the Na+-induced pH change attains an approximate steady state in Fig. lb , with little or no decay. However, in Fig. lc, the rate of decay of the Na+-induced pH change is increased significantly. On extrapolating this decay curve (Fig. lc) back to the time of NaCl addition, the pH value obtained is very similar to the steady pH value attained in Fig. lb. This suggests that the difference in extent of Na+-induced proton extrusion in Fig. lb and c is not due to the presence of an electrogenic Na+-H+ antiporter and the charge-compensating effect of SCN-, but is due to an increased rate of proton influx in the presence of SCN-; the decay of the Na+-induced pH difference during its formation would give the reduced extent of proton extrusion observed in Fig. lc . Allowing for this more rapid decay of the proton gradient in the presence of SCN-, the decrease in the extent of proton extrusion observed in Fig. lb and c with respect to the extent observed in Fig. la may be attributed to the presence of K+. A. haloplanktis appears to possess an Na+-K+ symporter (9); in the presence of added K+, an appreciable portion of the Na+ gradient may have been used to drive the intracellular accumulation of K+ in addition to proton extrusion. Although this former process would be electrogenic and would be inhibited by the charge effect unless SCNwere present, this additional use of the Na+ gradient presumably may have been sufficient to result in the reduced extent of proton extrusion. Indeed, proton extrusion was even further suppressed if the K+ concentration was increased. This interpretation would be complicated if the Na+-H+ antiporter was electrogenic, as is the case in H. halobium (11) , but since SCNdid not significantly affect the rate or extent (allowing for the increased rate of decay in the presence of KSCN) of the Na+-induced pH change (Fig. lb and c) , it seems likely that the Na+-H+ antiporter in A. haloplanktis catalyzes an electroneutral exchange.
As discussed by West and Mitchell (28) , it is essential to demonstrate that the Na+-induced pH change is not due to a passive proton efflux in response to the electrogenic influx of Na+. The addition of CCCP, after an Na+ pulse, caused a rapid alkalinization of the suspension medium (Fig. la-c) , demonstrating that Na+ influx must have induced the extrusion of protons against their electrochemical potential gradient. The rate of the CCCP-mediated proton translocation was more rapid in the presence of SCN-, the influx of this penneant anion compensating for the inflow of positive charge.
Even in the presence of KSCN, the addition of CCCP (Fig. lc ) resulted in only a partial decay ofthe Na+-induced pH change. These conditions would be expected to result in the complete dissipation of the transmembrane proton gradient, as is the case in E. coli (28) . However, we believe that this is also happening in A. haloplanktis since it has been shown that when isolated cell envelopes of this organism are suspended in decreasing concentrations of NaCl, the pH of the suspension increases as the NaCl concentration decreases (2); this effect is also reversible. The addition of Na+ to essentially Na+-free A. haloplanktis suspensions must therefore induce the deprotonation of specific groups in the cell envelope resulting in the net appearance of protons in the suspension medium. Transmembrane proton equilibration would then be associated with a suspension pH more acid than that observed before the addition of the Na+, as seen in Fig. lc after the addition of CCCP.
Assuming that the amount of Na+ bound to the cell envelope is equivalent to that of H' released from the envelope (as determined after the attainment of a steady state in the presence of CCCP) and that the steady pH attained after an NaCl addition is associated with the trans-742 membrane equilibration of Na+ by means of the Na+-H+ antiporter, the data in Fig. la and c may be used to obtain an Na+/H+ ratio. Allowing for the volume of the bacteria and assuming an average intracellular volume (23, 24) of 2 ,ul/mg (dry bacterial weight), an Na+/H+ ratio of 1.04 was obtained. Although this is not conclusive evidence that the stoichiometry of the Na+-H+ antiporter is 1:1, this information and the data obtained in the presence and absence of SCN- (Fig. lb and c) , as discussed above, provide strong evidence that the Na+-H+ antiporter in A. haloplanktis is indeed an electroneutral one.
According to the results discussed so far, the Na+-H+ antiporter in A. haloplanktis appears to be very similar to that found in E. coli (28) . However, when the set of experiments described in the legend to Fig. 1 was repeated by using LiCl rather than NaCl, the rate of Li'-induced proton extrusion ( Fig. 3 ) was much slower than that induced by Na+; the reverse was found to be the case in E. coli (28) . The extent of the Li+induced pH change was also affected by the presence of K+ ( Fig. 3 ), suggesting that the Na+-K+ symporter may also catalyze the co-transport of Li' and K+. However, the difference between the results obtained in the presence of KCO (Fig.  3b) and those in the presence of KSCN (Fig. 3c ) were more pronounced than those observed in the analagous NaCl experiments (Fig. 1) . Because the rate of Li'-induced proton extrusion was much slower than that induced by Na+, the rate of decay of the pH change would be expected to have a more noticeable effect on its rate of formation, especially when SCN-was present. If the comparable NaCl experiments ( Fig. lb and c) had been continued over the same period employed in the LiCl experiments ( Fig. 3b and c) , before the addition of CCCP, the differences observed between the pH values attained in the presence of KCI and KSCN would presumably have been similar. The addition of CCCP, after an Li' pulse, caused a rapid alkalinization of the suspension medium ( Fig. 3a-c) , demonstrating that Li' must also induce the active extrusion of protons.
The addition of Li' must also cause the deprotonation of groups in the cell envelope although to a lesser extent than Na+ (cf. Fig. lc  and 3c ). Since the addition of KCI causes only a very minor pH change when added either before (Fig. 2c ) or after CCCP, it would seem that K+ can substitute for Li' or Na+, in the deprotonation reaction, to only a very limited extent, if at all.
Making assumptions similar to those described for the calculation of an Na+/H+ ratio, an Li+/H+ ratio of 0.89 was calculated from the data in Fig. 3a and c. This suggests that the Na+-binding site on the antiporter can also accommodate one Li'. Allowing for the chemical effect observed on adding CCCP (Fig. ld-f ), the addition of this compound, before the addition of salts (Fig. 4) , caused a very slight alkalinization of the suspension medium with respect to that observed in the presence of SCN-, demonstrating that in the absence of SCN-the bacteria retained a small transmembrane pH gradient, inside alkaline. The addition of NaCl ( Fig. 4a and b) or LiCl (Fig. 5a and b) induced the acidification of the suspension media to extents which again were dependent on the presence or absence of K+, for reasons that have already been discussed. The rates of decay of the Na+-induced pH changes were fast due to the presence of the CCCP (Fig.  4a and b) ; in the LiCl experiments ( Fig. 5a and b), this effect was seen as a reduction in the apparent rate of Li'-induced proton extrusion with respect to that observed in the absence of CCCP ( Fig. 3a and b) . These results demonstrate that the rate of proton extrusion catalyzed by the antiporter is faster than the electrogenic inflow of protons mediated by CCCP. In the presence of CCCP and SCN-( Fig. 4c and 5c ) the Na+or Li'-induced proton gradient would be dissipated as fast as it was formed. The pH changes observed in these experiments ( Fig. 4c and 5c) are again best explained as being due to deprotonation of cell envelope groups since the extents of these pH changes were very similar to those observed when CCCP was added after the salts ( Fig. lc and 3c ). It is interesting to note that the rate of Na+-induced deprotonation is faster than that obtained with Li'. In addition, the experiments depicted in Fig. 4a and b and 5a and b demonstrate that the Na+-and Li+-induced pH changes are not due to passive proton efflux in response to the electrogenic influx of Na+ or Li'; if this had been the case the CCCP would have increased the pH changes observed rather than decreasing them. That the transmembrane pH gradient was slightly inside alkaline before the addition of salts (i.e., in Fig. 1 and 3, based on the effect of CCCP in Fig. 4) also argues against this interpretation.
Whereas the presence of Na+ and K+ made no difference to the pH changes observed on adding the other, this was not the case with Na+ and Li'. If LiCl was added after the equilibration of an Na+or Li'-induced pH change, the results obtained were very similar ( Fig. 6b and c) . However, if the second addition was NaCl ( Fig. 6a and d), the characteristics of the Na+-induced pH changes were very different. Whereas NaCl following NaCl gave results kinetically similar to those obtained on the first addition of NaCl (Fig.  la) , NaCl following LiCl yielded results that resembled the LiCl results (Fig. 6b and c) rather than the NaCl results (Fig. 6a ). These data suggest that the antiporter can recognize both Na+ and Li' but it does not differentiate between the two as far as the gradient is concerned, the driving force for proton extrusion being a transmembrane alkali metal ion (Na+ and/or Li) gradient. In addition, the antiporter binds Li+ more tightly than Na+, and in preference to Na+, but the conformation induced on binding Li' either prevents the antiporter from operating as quickly as it does on binding Na+ or results in a high frequency of Li+-Li+ exchange.
In conclusion, A. haloplanktis possesses an Na+ (Li+)-H+ antiporter which appears to catalyze the electroneutral exchange of Na+ or Li+ for H+. During respiration, the transmembrane proton gradient may be used to drive the antiporter-mediated extrusion of Na+, resulting in the generation of a transmembrane Na+ gradient. The role of this transmembrane Na+ gradient in the intracellular accumulation of nutrients by A. haloplanktis is currently under investigation.
